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Accurate assessment of N2O emission from soil requires 
continuous year-round and spatially extensive monitoring or 
the use of simulation that accurately and precisely predict N2O 
fl uxes based on climatic, soil, and agricultural system input data. 
DAYCENT is an ecosystem model that simulates, among other 
processes, N2O emissions from soils. Th e purpose of the study 
was to compare N2O fl uxes predicted by the DAYCENT model 
to measured N2O fl uxes from an experimental corn fi eld in 
central Iowa. Soil water content temperature and inorganic N, 
simulated by DAYCENT were compared to measured values of 
these variables. Field N2O emissions were measured using four 
replicated automated chambers at 6-h intervals, from day of 
year (DOY) 42 through DOY 254 of 2006. We observed that 
DAYCENT generally accurately predicted soil temperature, 
with the exception of winter when predicted temperatures 
tended to be lower than measured values. Volumetric water 
contents predicted by DAYCENT were generally lower than 
measured values during most of the experimental period. Daily 
N2O emissions simulated by DAYCENT were signifi cantly 
correlated to fi eld measured fl uxes; however, time series analyses 
indicate that the simulated fl uxes were out of phase with the 
measured fl uxes. Cumulative N2O emission calculated from the 
simulations (3.29 kg N2O-N ha
−1) was in range of the measured 
cumulative N2O emission (4.26 ± 1.09 kg N2O-N ha
−1).
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It is widely recognized that agricultural activities are a major contributor to atmospheric emissions of N2O (Kroeze et al., 
1999); however, accurate estimation of soil N2O emissions remains 
problematic due to high temporal and spatial variability. Coeffi  cients 
of variation associated with spatial variability often exceed 100% 
(Matthias et al., 1980; Ambus and Christensen, 1994; Yates et al., 
2006). Temporal variations associated with N2O emissions can vary 
by three orders of magnitude over a time period of days. Transient 
peaks in N2O emissions have been observed in response to rainfall, 
fertilization events, and freeze–thaw cycles (Bremner et al., 1981; 
Goodroad and Keeney, 1984; Cates and Keeney, 1987; Clayton et 
al., 1997; Jacinthe and Dick, 1997; Wagner-Riddle and Th urtell, 
1998; Baggs et al., 2003; Sehy et al., 2003; Gregorich et al., 2005; 
Parkin and Kaspar, 2006; Parkin, 2008).
Measurement techniques to characterize the spatial and tem-
poral variations in N2O emissions are limited. Micrometerologi-
cal techniques have been applied to provide spatially integrated 
fl ux estimates and high temporal frequencies (Wagner-Riddle 
and Th urtell, 1998; Edwards et al., 2003). As a less expensive 
alternative to micrometerological instrumentation, soil chamber 
techniques have been widely applied. Soil chambers are ame-
nable to replicated studies where treatment diff erences can be 
assessed. However, in the past, the temporal intensities of the 
short-term fl ux measurements performed with soil chambers 
have ranged from semiweekly to monthly (Jacinthe and Dick, 
1997; Wang et al., 2006). Recently it has been reported that the 
precision associated with estimates of cumulative N2O emissions 
decreases as the time between sampling increases (Parkin, 2008).
Mathematical models that predict N2O emissions off er an alterna-
tive to direct measurements. Models ranging from a simple emissions 
factor approach to more complex biophysical models have been devel-
oped (IPCC, 2001, Li et al., 2006; Parton et al., 1998). DAYCENT 
is as an ecosystem model that that estimates several variables including 
soil temperature and soil moisture, and N2O emissions (Parton et al., 
1998; Del Grosso et al., 2001). Recent studies show that DAYCENT 
can be used to estimate long-term dynamics of water, carbon, and 
nitrogen (Li et al., 2006). An assessment of DAYCENT’s ability to 
simulate cumulative annual N2O emissions has also been performed 
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(Del Grosso et al., 2005, 2008). Del Grosso et al. (2005) com-
pared annual estimates of N2O emissions based on measured fl uxes 
with estimates based on DAYCENT simulations for a variety 
of cropping systems in fi ve regions of the United States. Annual 
estimates from the DAYCENT model underestimated the annual 
estimates based on measured N2O emissions by approximately 
23%. Conversely, the DAYCENT model was recently tested at the 
fi eld scale at a site in northeastern Colorado. It was observed that 
growing season estimates predicted by DAYCENT overestimated 
fl ux estimates based on measured emissions for N treatments about 
two times and for no N treatments about four times (Del Grosso 
et al., 2008). Th ese investigators concluded that modifi cations to 
the microbial N-cycling subroutines are required to improve the 
simulation accuracy.
A key feature of the DAYCENT model is the fact that daily 
estimates of N2O emissions are provided. However, a detailed 
comparison of predicted and measured N2O emissions on a daily 
time step has not yet been performed. To date, most of the data 
used to validate DAYCENT has come from manual chamber 
measurements that were made, at most, several times per week. A 
comparison of predicted fl uxes with fl uxes measured at a higher 
sampling frequency would provide valuable information regard-
ing the fi delity of the underlying mechanistic structure of the 
N2O emissions component of the DAYCENT model. Th us, 
the purpose of this study was to compare temporal variations in 
measured daily N2O fl uxes from an experimental corn fi eld with 
the predicted fl uxes obtained from the DAYCENT model. Also, 
since temperature and water content are major drivers of N2O 
production in the DAYCENT model we compared DAYCENT-
simulated soil temperature and soil water content to measured 
values of these properties.
Methods
Th e fi eld component of this study was conducted in a chisel 
plow corn/soybean fi eld on an Iowa State University research 
farm located in Boone Co., Iowa (42.04°N, 93.71°W). Th e soil 
with loam texture is characterized as a Canisteo clay loam soil 
(fi ne-loamy, mixed, superactive, calcareous, mesic Typic Endoa-
quolls). Th e soil properties are presented in Table 1. On 14 Nov. 
2005 anhydrous ammonia was applied at a rate of 168 kg N ha−1 
with a knife injector in bands separated by a distance of 76 cm. 
On 5 May 2006 corn was planted at 74,074 seeds ha−1.
Nitrous oxide fl uxes were measured using automated chambers 
similar in design to those described by Parkin and Kaspar (2003). 
Th e chambers (0.60 m × 0.60 m × 0.30 m tall) were installed to a 
depth of 20 cm in the soil in February 2006. Two chambers were 
located directly over fertilizer bands and two chambers were located 
between fertilizer bands. Nitrous oxide fl uxes were measured every 
6 h from 25 Feb. 2006 (DOY 42) through 11 Oct. 2006 (DOY 
254). Fluxes were measured by sliding the cover over the chamber 
top to close the chamber and allow N2O to accumulate in the 
chamber headspace over a 2 h period. Headspace N2O concentra-
tions were measured in each chamber at ½-h intervals by pumping 
approximately 0.1 L of headspace gas through as sample valve at-
tached to a gas chromatograph equipped with an electron capture 
detector (SRI Instruments, model 8610, Torrance, CA). Additional 
details on gas sampling and analyses are provided by Parkin (2008). 
Nitrous oxide fl uxes were calculated from the headspace N2O 
concentration vs. time data using linear regression by the method 
of Hutchinson and Mosier (1981). Daily N2O fl uxes were com-
puted for each chamber by averaging the four fl ux measurements 
performed each day. Daily average N2O fl uxes for the fi eld were 
computed using the daily average fl uxes of each chamber and as-
sociated 95% confi dence intervals for the daily average N2O fl uxes 
were also computed.
Each chamber was instrumented with thermocouples to mea-
sure air and soil temperature within each chamber. Soil tempera-
ture was measured at depths of 1, 5, 10, and 20 cm below the 
soil surface. Air temperature in each chamber was measured with 
a thermocouple shielded from direct sunlight, and suspended 
approx. 8 cm above the soil surface. Soil moisture probes (Delta-
T Th eta Probes, Dynamax, Houston, TX) were installed in the 
surface soil (0 to 6 cm) of the chambers. Temperature and soil 
water content measurements were made at hourly intervals. Daily 
averages of temperature and soil water content were computed 
from the hourly values for the DAYCENT comparison.
Surface soil (0–15 cm) was sampled six times during the pe-
riod between April and July, 2006 by collecting soil cores (3.35 
cm diam.) within and between fertilizer bands. Twelve soil cores 
were collected at diff erent locations near the gas fl ux chambers 
at each sampling time. In the laboratory samples were weighed 
and sieved (2 mm). Subsamples were collected for gravimetric 
water content determination by oven drying at 105°C, and the 
remaining soil was air dried. Bulk density was computed from 
the soil sample weights (corrected for water content) and the 
known core volume. Volumetric water contents were calculated 
from the gravimetric water contents and bulk density values. 
Nitrate (+ nitrite) and ammonium were determined by colori-
metric analyses of 2 mol L−1 KCl soil extracts (4:1 KCl to soil) 
on a Lachat (Mequon, WI) autoanalyzer following the proce-
dure described by Keeney and Nelson (1982).
Th e DAYCENT simulation was performed using local cli-
matic factors (daily air minimum and maximum temperature 
and daily precipitation), soil parameters (bulk density, texture, 
organic carbon content, pH, saturated hydraulic conductivity), 
and crop and soil management factors (type and amount of N 
fertility, tillage, crop). It should be noted that since the chambers 
were closed approximately 8 h every day (i.e., 4 2-h periods per 
day) during the fl ux measurements, not all of the precipitation 
measured with the tipping bucket gauge reached the soil inside 
the chambers. To more accurately simulate the N2O emissions 
Table 1. Properties of soil in the 0- to 15-cm layer.
Property Value
pH 6.7
Bulk density Mg m−3 1.26
Sand (g kg−1 soil) 420
Clay (g kg−1 soil) 200
Organic carbon (g C kg−1 soil) 31.0
Water fi eld capacity (cm3 water cm−3 soil) 0.355
Permanent wilting point (cm3 water cm−3 soil) 0.125
Saturated hydraulic conductivity (cm h−1) 0.851
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measured in the chambers, the daily precipitation data set used 
by DAYCENT did not include precipitation that occurred dur-
ing times when the soil chambers were closed. Output from 
the DAYCENT model included soil water content (0–2 cm, 
2–5 cm), soil temperature (surface, 5 cm, 10 cm) and daily N2O 
emissions. Cumulative N2O emissions over the study period were 
performed by linear interpolation and numerical integration of 
both the measured and predicted daily fl uxes.
Statistical diff erences in cumulative N2O emissions were 
assessed by comparing the DAYCENT-predicted values with 
the 95% confi dence intervals of the measured cumulative 
emissions. A comparison of the temporal patterns of the 
predicted and measured daily N2O emissions was performed 
using cross correlation analyses (Statistics for Windows 2.0; 
Analytical Software, 1998).
Results
Soil Temperature and Soil Moisture
Comparison of the measured soil temperatures with the 
DAYCENT-predicted temperatures yielded close relationships 
(Fig. 1). Th e correlation coeffi  cients for the measured vs. predict-
ed surface, 5 cm, and 10 cm temperatures were 0.96, 0.96, and 
0.98, respectively. Despite the high correlation coeffi  cient at the 
10-cm layer, predicted temperatures were lower than measured 
(Fig. 1c). Predicted and measured average soil temperatures (10 
cm) over the entire period were 13.5 and 15.3°C, respectively.
Predicted soil water content and measured soil water content, 
along with 95% confi dence intervals are presented in Fig. 2. Th e 
correlation between predicted and measured soil water content 
was signifi cant, but low (r = 0.263). Generally, predicted soil wa-
ter content (0–5 cm) was signifi cantly lower than water measured 
volumetric soil water (0–6 cm). Th e primary diff erences between 
the patterns of measured and predicted soil water contents appear 
to occur during drying periods. Following rainfall events, predict-
ed soil water contents generally increased to levels approaching 
the measured values, but the simulations exhibit greater decreases 
in soil water content than were observed after these peak events. 
As a check on the values obtained from the soil moisture probes, 
soil water contents were determined by soil sampling (0–15 cm) 
and gravimetric analysis on six occasions. Despite the fact that 
the soil depth interval of these gravimetrically determined values 
was diff erent from the soil moisture probes, they were within the 
95% confi dence limits of the probe measurements, and signifi -
cantly higher than predicted values (Fig. 2).
Nitrous Oxide Emission
Predicted and measured daily N2O emissions over the sam-
pling period along with temperature and rainfall are shown in 
Fig. 3. Th roughout the sampling period several peak N2O emis-
sions occurred in response to rainfall events. Th ese peak events 
resulted in as much as a 10- to 20-fold increases in N2O emis-
sions over a period of 4 to 5 d (e.g., DOY 196–200). Daily N2O 
fl uxes predicted by the DAYCENT model generally followed 
the pattern of measured emissions; however, some discrepancies 
are observed. For example between DOY 97 and DOY 127 the 
predicted fl uxes were greater than the upper 97.5% confi dence 
limit of the measured emissions. Predicted fl uxes were also greater 
than measured fl uxes on several days during the period of DOY 
130 to 147. From DOY 170 through DOY 254, predicted fl uxes 
exhibited increases in response to rainfall events; however, the 
magnitudes of the simulated peaks were several folds less than the 
measured values, and on several of these occasions these diff er-
ences were signifi cant (Fig. 3).
Fig. 1. Measured and DAYCENT-simulated soil temperature at surface, 
5 and 10 cm.
Fig. 2. Measured (0–6 cm) and predicted (0–5 cm) volumetric water 
content. Error bars associated with means of measured soil water 
contents are standard deviations. Points are volumetric soil water 
content (0–15 cm) cm determined by gravimetric analyses of soil.
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Correlation analysis between measured and predicted daily 
N2O fl uxes yielded a correlation coeffi  cient of 0.37 (Fig. 4). 
Th is correlation was signifi cant; however, the tendency of the 
model to overpredict N2O fl uxes at the low range and under-
predict fl uxes at the high range is evident. When integrated over 
the entire experimental period, DAYCENT simulations provide 
an estimate of cumulative N2O loss of 3.29 kg N2O-N ha
−1. 
Th is value is lower than the average cumulative N2O loss mea-
sured by the chambers (4.26 kg N2O-N ha
−1), but is in range of 
the 95% confi dence interval of measured cumulative N2O loss 
(5.37 to 3.18 kg N2O-N ha
−1).
Cross correlation analysis provides an assessment of simi-
larities of variables as a function of separation in time (or 
space). When applied to the measured and predicted daily 
N2O fl uxes, cross correlation analysis provided an indica-
tion of the similarities in the temporal patterns (Fig. 5). It is 
observed that the greatest correlation coeffi  cient (r = 0.403) 
occurs at a lag of 1 d. Th is indicates that the best correlation 
occurs between predicted fl uxes and fl uxes measured 1 d later.
On six occasions throughout the study period soil nitrate 
and ammonium were measured in the 0- to 15-cm layer, both 
within and between the anhydrous ammonia fertilizer bands 
applied in 2005 (Fig. 6). Soil nitrate was underestimated by 
the DAYCENT model on all of the sampling dates. On aver-
age the NO3
− concentrations of the between-band samples 
were over two times higher than the predicted values, and the 
in-band NO3
− concentrations were nearly eight times higher 
than the simulations. Th e predicted NH4
+ values on DOY 
109 and DOY 124 were greater than the measured between-
band NH4
+ values, but less than the in-band NH4
+ concentra-
tions. During the rest of sampling dates (DOY 137, 153, 165, 
and 179) the model continued to simulate NH4
+ concentra-
tions on average in excess of 60 to 70 mg NH4
+-N kg−1 soil.
Fig. 3. Measured maximum and minimum daily air temperature 
(panel a), precipitation (panel b), and measured and predicted 
daily N2O emissions (panel c). Solid line is simulation, dotted 
line is mean of four chamber measurements. Error bars are 95% 
confi dence intervals associated with measured means.
Fig. 4. Correlation between measured and predicted daily N2O 
emission values.
Fig. 5. Cross correlation analysis of predicted and measured N2O emissions
Fig. 6. Predicted and measured soil NO3
− and NH4
+ concentrations 
(0–15 cm) on six sampling dates. Error bars associated with 
means are standard deviations.
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Discussion
Estimation of trace gas emissions, and particularly N2O, 
from agricultural systems has become more important as the 
search for improved management systems to reduce GHG 
emissions intensifi es. Clearly, mathematical models play a 
role in this process of estimation and evaluation. Th e applica-
tion of models can allow prediction of responses to climatic 
variability or changes in the soil and crop management and 
enable theoretical assessments of how changing management 
practices may infl uence net N2O emissions. However, these 
potential functions may only be realized if it is assured that 
accurate predictions are obtained.
Th e DAYCENT model has been evaluated in several studies. 
Parton et al. (2001) found that DAYCENT provided favorable 
predictions of soil temperature (r2 = 0.79), and soil water fi lled 
pore space (r2 = 0.64), but considered the simulations of soil 
water content during the non-growing season to be inadequate 
(r2 = 0.27). Our assessment of the DAYCENT model was similar 
to these results. We observed strong correlations with soil tem-
perature (r ≥ 0.95), but weak correlation with soil water content 
(r = 0.26). In their assessments of N2O emissions at fi ve sites in 
Colorado, Parton et al. (2001) found that regressions of measured 
vs. predicted daily N2O emissions yielded regression coeffi  cients 
(r2) between 0.02 and 0.19. Despite the low correlation between 
measured and predicted daily fl uxes, these investigators reported a 
close match between measured cumulative annual estimates and 
estimates obtained with the model. A similar fi nding was observed 
when DAYCENT predictions were compared with fl ux data from 
no-till and conventional till systems in Nebraska (Del Grosso 
et al., 2002), where it was concluded that, although the regres-
sion of the measured vs. predicted regression was low (r2 = 0.04), 
DAYCENT accurately predicted average annual N2O emissions. 
Similar to these past studies, we observed a low correlation be-
tween measured and predicted daily N2O fl uxes (r = 0.37). Unlike 
past studies, however, we report that predicted cumulative N2O 
emission was signifi cantly less than measured cumulative N2O 
loss. Th e diff erence between our measured and predicted cumu-
lative fl ux estimates appears to be largely due to DAYCENT’s 
underestimation of peak fl ux events that were observed following 
rainfall events. When we delete the 14 largest daily fl uxes (from 
both the predicted and measured data sets) the diff erence between 
cumulative predicted and measured N2O fl uxes was insignifi cant 
(measured = 2.81 kg N ha−1; predicted = 2.63 kg N ha−1). Th ere 
may be several reasons why the DAYCENT model underpre-
dicted daily N2O emissions at our site. First, we observed that 
the DAYCENT-predicted soil water dynamics did not accurately 
refl ect our measurements. Predicted increases in soil water content 
following rainfall events approached values of measured soil water 
content; however, predicted water contents decreased more rapidly 
after rainfall events. Diff erences between predicted and measured 
soil water content do not completely explain the diff erences in 
predicted and measured fl uxes. On several dates following rainfall 
events (i.e., DOY 183, 192, 222) predicted soil water contents 
were not signifi cantly diff erent from measured soil water content; 
however, the predicted peak N2O fl uxes that occurred in response 
to increased soil water content occurred 1 d earlier than measured 
N2O peaks, and were three to six times less than the measured 
peak N2O emissions. Diff erences between predicted and actual soil 
inorganic N could be a factor. From DOY 109 through DOY 179 
DAYCENT underestimated soil NO3
− concentrations and overes-
timated soil NH4
+ concentrations from DOY 137 through 179. A 
similar observation was reported by Del Grosso et al. (2008) who 
observed that DAYCENT underestimated soil NO3
− levels. Th ese 
authors concluded that improvements in DAYCENT’s N2O pre-
diction could be improved by modifying the nitrifi cation and deni-
trifi cation subroutines. Another potential issue related to modeling 
N transformations is fertilizer placement. Th e DAYCENT model 
allows input of the form of fertilizer N (as proportions of NH4
+ 
and NO3
−); however, there is no provision for designating spatial 
placement of fertilizer. At our site where anhydrous ammonia was 
injected as bands into the soil, there were distinct spatial variations 
in NO3
− and NH4
+ concentrations. DAYCENT models N trans-
formations as a function of depth, but cannot take into account 
spatial variations in the surface soil.
Summary and Conclusions
In general, past assessments of the DAYCENT model have 
reported good correlations of predicted and measured cumu-
lative N2O loss. In our study predicted and measured cumu-
lative N2O emissions were of similar magnitude. It may be 
argued that if the model generally yields accurate predictions 
of cumulative or average N2O emissions, that this is suffi  cient. 
However, if the model is, in essence, getting the “right” an-
swer for the “wrong” reasons, then its utility as a tool to pre-
dict the infl uence of management changes on N2O emissions 
may be limited. With such uncertainty, there will be lack of 
confi dence in the result. Continued eff orts are needed to ap-
ply and evaluate DAYCENT models across a range of soils, 
climates, and management systems. Improvements in the N 
cycling components of DAYCENT (Del Grosso et al., 2008) 
as well as a mechanism for on-site calibration would likely be 
useful in future applications of this model.
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